We report the catalytic conversion of HMF-derived 1,6-hexanediol (HDO) to adipic acid and hexamethylenediamine (HMD) for nylon-6,6 production. Selective oxidation of HDO to adipic acid in yields of ∼90 mol% was achieved with 1 wt% Au/C and 3 wt% Pt/TiO 2 under basic and acidic conditions, respectively. In addition, HDO can undergo oxidative amination to form adiponitrile in selectivity of 66.4 mol% by utilizing a homogeneous iodine-containing organic molecule as oxidant and aqueous ammonia as nitrogen source. Adiponitrile can be subsequently hydrogenated over a Raney nickel catalyst to HMD in close to quantitative yields.
INTRODUCTION
Replacing petroleum-derived fuels and chemicals with sustainable, biomass-derived feedstocks has been the subject of intensive research for the past decade. 2 6 21 Using a "platform chemical" approach analogous to the petroleum refinery, the US Department of Energy identified 12 biomass-derived molecules as platform molecules, which can be subsequently derivatized to a variety of starting materials to support the chemical industry. Amongst all the potential candidates, 5-hydroxymethylfurfural (HMF) has attracted much attention in recent years due to progress on its efficient production using glucose or cellulose as the feedstocks. 16 22 HMF-derived monomers have been suggested to be used in the production of synthetic plastics and other chemicals. Indeed, oxidation of HMF to produce furan dicarboxylic acid (FDCA) with a range of catalyst systems have been demonstrated. 9 19 Additionally, HMF can also be reduced to diols with or without the furan ring being saturated. 4 5 Although HMF-derived , -bifunctional molecules are proposed to be promising alternatives to petroleum derived polyethylene terephthalate (PET), challenges still remain for commercialization including cost and recyclability. In this regard, synthesis of bio-based chemicals that are identical to those currently used in industry represent another opportunity.
Herein we set out to develop an integrated catalytic route utilizing 1,6-hexanediol (HDO), which can be readily obtained from HMF, as a renewable resource to produce nylon 6,6 monomers, adipic acid, and HMD. Nylon 6,6 is a synthetic polymer with an annual production exceeding 4 million metric tons and thus represents a significant target where biorenewable alternatives hold promise. Not only does the current production method involve using petroleum as a raw material, but this process also contributes significantly to the emission of pollutants such as nitrous oxide and cyanide, as shown in Figure 1. 11 17 20 Recently, Buntara et al. reported the synthesis of the nylon 6 monomer caprolactam from renewable HDO using various heterogeneous and homogeneous catalysts. 3 Herein, we report an alternative synthetic pathway to convert HDO to adipic acid and HMD, as depicted in Figure 2 . The proposed catalytic routes include two parts: (1) HDO is catalytically converted with supported Pt or Au nanoparticles in aqueous media with molecular oxygen as the oxidant; (2) HDO undergoes an oxidative transformation resulting in adiponitrile with 1,3-diiodo-5,5-dimethylhydantoin (DIH) as the oxidant in an aqueous ammonia solution.
EXPERIMENTAL DETAILS

Catalyst Preparation
For the diol oxidation reaction, an activated charcoal supported Au catalyst was synthesized by a sol immobilization method. 13 The nanoparticles were formed in an aqueous solution using polyvinyl alcohol as a stabilizer and then reduced by the addition of sodium borohydride. The resulting gold nanoparticles were then deposited on the activated charcoal (AC) support. The 1 wt% Au/AC catalyst was then reduced at 573 K for 2 h in 100 cm 3 min −1 of flowing H 2 to remove the polyvinyl alcohol from the catalyst. A titania supported Pt catalyst was synthesized by incipient wetness impregnation using chloroplatinic acid as the platinum source. The 3 wt% Pt/TiO 2 catalyst was then calcined at 673 K for 4 h with 100 cm 3 min −1 of flowing air followed by reduction at 573 K for 2 h in 100 cm 3 min −1 of flowing H 2 . The adiponitrile hydrogenation reaction was catalyzed by a commercially available W. R. Grace Raney ® 2400 nickel catalyst and was used as received. The Raney-type nickel was first activated in an ethanol solution under H 2 for 2 h, followed by the addition of adiponitrile and a small amount of sodium hydroxide to make the reaction medium basic.
Catalyst Characterization
Metal dispersion of the Pt catalyst was determined by H 2 chemisorption using a Micromeritics ASAP 2020 automated adsorption analyzer. Catalysts were heated to 473 K at 4 K min −1 ramp rate under flowing H 2 and reduced for another 2 h. Then, the catalyst samples were evacuated and the temperature was held for 2 h at 473 K, before cooling down to 308 K for analysis with pressure ranging from 10 to 450 Torr. The fraction of surface metal was calculated based on the total amount of H 2 adsorbed with the assumption that stoichiometry of H to Pt surf equals to unity. Particle size for the Au/AC catalyst was estimated using TEM. For TEM analysis, 1 mg of the sample was dissolved in ethanol and the solution was homogenized for 30 min by sonication. A copper grid was briefly dipped into the solution and the grid was then air dried to evaporate ethanol. A FEI Titan operating at 180 kV and equipped with a Gatan 794 Multi-scan Camera (EFTEM) was used to image the catalyst.
1,6-Hexanediol Oxidation Reaction
Semi-batch HDO oxidation reactions were performed in a 50 cm 3 Parr Instrument Company 4592 batch reactor with an inserted 30 cm 3 glass liner. In a typical experiment, HDO and catalysts were added to approximately 10 cm 3 of deionized water followed by addition of sulfuric acid or sodium hydroxide to adjust the solution pH. The glass liner was then inserted into the Parr reactor, sealed, purged with He, and the reactor was then heated to 343 K. 10 bar absolute O 2 was applied to initiate the reaction and throughout the reaction time a constant pressure was maintained by continually feeding O 2 . An aliquot of samples was periodically taken and the solid catalyst was filtered using 0.2 m pore zide cut-off PTFE filters before being analyzed by a Waters e2695 high pressure liquid chromatograph (HPLC) equipped with RI and UV/Vis detectors. An Aminex HPX-87H column (Bio-Rad) was used under 318 K with 5 mM aqueous H 2 SO 4 solution with mobile phase. The 1 wt% Au/AC catalyst was used for HDO oxidation under basic conditions while 3 wt% Pt/TiO 2 was tested under acidic conditions.
Direct Oxidative Transformation of
HDO to Adiponitrile The oxidative conversion of HDO to adiponitrile was performed in a 10 cm 3 thick-walled glass reactors (Alltech) sealed with Teflon liners (Fisher). In a typical experiment, an appropriate amount of HDO and 1,3-diiodo-5,5-dimethylhydantoin (DIH) were added to 3 mL of a 28% aqueous ammonia solution in the Alltech reactor. The reactor was then sealed, wrapped with aluminum foil, and immersed in an oil bath at 60 C with stirring at 400 rpm. An aliquot of liquid sample was withdrawn periodically to obtain kinetic information and at the end of the reaction the mixture was quenched with H 2 O and saturated aqueous Na 2 SO 3 at 0 C. A known amount of acetonitrile was introduced to the sample solution as a standard ARTICLE before analysis with an Agilent 7890A gas chromatograph coupled with a mass spectrometer (GC-MS).
Hydrogenation of Adiponitrile to
Produce 1,6-Hexanediamine Hydrogenation of adiponitrile to 1,6-hexanediamine and mono-hydrogenated products was performed in 50 cm 3 Parr Instrument batch reactor. After the activation of Raney ® 2400 nickel catalyst for 2 h, an appropriate amount of adiponitrile, 50% NaOH additive, and dioxane as a standard were added to a 40 mL ethanol solution. The reactor was pressurized with 500 psi H 2 and heated to different temperatures ranging from 80 to 120 C. H 2 gas was constantly added to maintain a stable pressure. Samples were removed periodically over 2 h and filtered before analysis with an Agilent 7890A gas chromatograph coupled with a mass spectrometer (GC-MS).
RESULTS AND DISCUSSION
We and others have previously reported that Au or Pt supported on various metal oxides such as TiO 2 , CeO 2 etc. are effective catalysts to convert biomass-derived , -bifunctional molecules such as HMF and HDO to corresponding di-acids. 7 12 18 Here, two types of heterogeneous catalysts, activated charcoal (AC) supported Au nanoparticles (Au/AC) and TiO 2 supported Pt nanoparticles (Pt/TiO 2 ) were examined for the diol oxidation.
The Au/AC was determined to have a metal loading of 1.0 wt%. Figure 3 shows a representative TEM image of the Au/AC material. The Au nanoparticles were well dispersed on the support and a statistical Au size analysis resulted in an estimated Au particle size of ∼5 nm. Au nanoparticles within this range of diameter were found to be the most active in catalyzing oxidation reaction. 8 To test the catalytic performance of the Au/AC catalyst, an appropriate amount of HDO and catalyst (ratio of substrate to Au was 100:1 mol:mol) were added to a 1 M Fig. 3 . TEM image of 1 wt% Au/AC catalyst. NaOH aqueous solution under oxygen at 10 bars pressure and 343 K temperature. Excessive base was used because it was found that the adsorbed hydroxide can significantly lower the activation barrier via promoting the deprotonation of alcohol on the surface. 23 After 4 h, about 97 mol% yield of adipic acid (in a sodium salt form) was obtained at 100% HDO conversion. Although this strategy can produce high yields of adipic acid product, the necessity of neutralizing excessive amounts of sodium hydroxide (10:1 M) to recover free acid will complicate the deployment in practice. Therefore, it would be advantageous to develop a process operating under base-free conditions to avoid the need to neutralize the product stream.
In order to realize the aforementioned goal, we examined the use of a TiO 2 supported Pt catalyst. The metal dispersion of the surface Pt atoms (d platinum ) for the synthesized material was determined to be 0.63, which corresponded to an average particle size of about 1.6 nm. The oxidation of HDO with the Pt/TiO 2 catalyst was then performed under oxygen at 10 bars pressure and 343 K temperature, with no added base. Since 6-hydroxyhexanoic acid and adipic acid will be generated, resulting in the acidification of reaction media as the oxidation reaction proceeds, we adjusted the initial solution value to 2.9 by the addition of sulfuric acid in order to maintain a relatively constant pH value during reaction.
The kinetic profile for HDO conversion to adipic acid is shown in Figure 4 . The product selectivity of 89 mol% was obtained at complete HDO conversion after 24 h. Although the molar yield and reaction rate under acidic conditions were slightly lower than that produced under basic conditions, the direct production of free diacid is desired due to the elimination of further costly purification ARTICLE via ion exchange to recover the product. It is also noticed that in addition to the desired product, a significant amount of gaseous CO 2 was produced. In order to better understand the reaction path and byproduct formation, we ran experiments using 0.1 M adipic acid and 0.1 M 6-hydroxyhexanoic acid under the same conditions as HDO. After 24 h of reaction time, carbon selectivity towards CO 2 was 16 mol% at 2.9% conversion and 1.8 mol% at 72% conversion for adipic acid and 6-hydroxyhexanoic acid, respectively.
In parallel to the diol oxidation reaction, another effort was undertaken to convert HDO to adiponitrile for diamine synthesis. The most commonly used procedure to synthesize adiponitrile involves the nucleophilic substitution of appropriate substrates with inorganic cyanide ions, which are extremely toxic and impose significant environmental concerns. To address this issue, we utilized aqueous ammonia as the nitrogen source to aminate HDO. To promote the amination we used DIH, a well-known halogen based oxidant, which is effective and less toxic than its Cl or Br derived counterparts. 14 15 Although various primary alcohols have been tested as model compound for this transformation, biomass-derived HDO was yet to be investigated as a starting substrate. In this contribution, HDO was reacted with 4 molar equivalents of DIH as an oxidant in a 28-30 wt% aqueous NH 3 solution at 333 K. As illustrated in Figure 5 , a reaction pathway for primary alcohols to produce nitriles with aldehydes and imines as intermediates has been proposed. 14 An adiponitrile selectivity of 66.4 mol% was achieved at 64% HDO conversion after 12 h. GC-MS results indicated that at the end of the reaction DIH lost its iodine content, thus subsequent regeneration of DIH is required.
Further catalytic hydrogenation of adiponitrile to produce HMD was also explored to demonstrate the feasibility of the proposed diamine production from HDO. A commercial Raney ® 2400 nickel catalyst was chosen to catalyze adiponitrile hydrogenation and the procedure was modified based on previous reports.
1 10 The reaction was carried out at 373 K under 500 psi H 2 pressure. The resulting product distribution versus time is summarized in Figure 6 . Under the experimental conditions, HMD was readily formed in high selectivity while adiponitrile was continuously hydrogenated. An HMD selectivity of ∼92 mol% was achieved at full adiponitrile conversion after 2 h. It was noted that reaction temperature played an important role in controlling the product selectivities, a lower selectivity towards HMD was obtained when the reaction temperature was changed to be 353 K.
CONCLUSIONS
An integrated catalytic conversion route utilizing HMFderived HDO as the feedstock for production of the commodity chemicals adipic acid and HMD was successfully demonstrated. While highly alkaline reaction media was required for the aerobic oxidation of HDO with supported Au catalysts, supported Pt catalysts were shown to be effective in carrying out the reaction in acidic conditions. The latter method is likely more promising from an application perspective as it avoids a subsequent ion exchange process for recovering the free acid. HDO was also demonstrated to undergo oxidative transformation with aqueous ammonia for the production of adiponitrile. Subsequent hydrogenation of the produced adiponitrile to HMD was examined and high yields to the desired product were demonstrated.
